In proteins, empirical correlations have shown that changes in heat capacity (DC P ) scale linearly with the hydrophobic surface area buried upon folding. The influence of DC P on RNA folding has been widely overlooked and is poorly understood. In addition to considerations of solvent reorganization, electrostatic effects might contribute to DC P s of folding in polyanionic species such as RNAs. Here, we employ a perturbation method based on electrostatic theory to probe the hot and cold denaturation behavior of the hammerhead ribozyme. This treatment avoids much of the error associated with imposing two-state folding models on non-two-state systems. Ribozyme stability is perturbed across a matrix of solvent conditions by varying the concentration of NaCl and methanol co-solvent. Temperature-dependent unfolding is then monitored by circular dichroism spectroscopy. The resulting array of unfolding transitions can be used to calculate a DC P of folding that accurately predicts the observed cold denaturation temperature. We confirm the accuracy of the calculated DC P by using isothermal titration calorimetry, and also demonstrate a methanol-dependence of the DC P . We weigh the strengths and limitations of this method for determining DC P values. Finally, we discuss the data in light of the physical origins of the DC P s for RNA folding and consider their impact on biological function.
INTRODUCTION
Thermal unfolding studies generally reflect the denaturation of biological macromolecules at high temperature, but macromolecules also can be unfolded by decreasing temperature in a phenomenon called cold denaturation. Protein cold denaturation is well studied (1) , and results from an increase in the heat capacity of the unfolded state relative to the native, folded state. The change in heat capacity (DC P ) correlates with the amount of hydrophobic surface area buried upon protein folding (2) . The Gibbs-Helmholtz equation incorporates the free energy contribution of the DC P as shown in Equations 1 and 2, and graphically in Figure 1 .
In the absence of a DC fold P , the free energy of folding is linear as a function of temperature; DG fold = 0 at exactly one point, which corresponds to the conventional melting transition midpoint (T M ). However, as DC P increases, the stability plot becomes parabolic. Thus, DG fold = 0 at two points, corresponding to the hot and cold T M s (T H and T C , respectively). Clearly, ignoring the contribution of DC fold P can lead to the overestimation of stability at reduced temperature.
The parameters commonly used to predict RNA and DNA duplex stability were obtained from melting studies that employed model duplexes with T M s typically in the vicinity of 50 C (3, 4) . Thus, these values are most accurate in predicting melting behavior around this temperature. It is convenient *To whom correspondence should be addressed. Tel: +1 812 856 5449; Fax: +1 812 855 8300; Email: afeig@indiana.edu to use T H as the reference temperature (T   ref   ) for a system, because at this temperature, the contribution of DC P to DG reduces to zero. As temperature deviates from T ref = T H , however, the error associated with neglecting DC P increases (Figure 1 ), especially at low temperatures.
It is frequently assumed that nucleic acid folding occurs with a negligible DC P (5-7). Despite some early studies by Petersheim and Turner (8) who measured DC P s for simple model systems, this practice is due in part to the historical difficulty of measuring DC P s with older calorimeters (9, 10) . Theoretical studies of DNA duplexes explored the possibility of nucleic acid cold denaturation in recent years (11, 12) and reports of non-zero DC P s in nucleic acid folding have increased (13) (14) (15) (16) (17) (18) . By using a methanol-water co-solvent system originally designed for cryoenzymology (19) , we recently demonstrated that the hammerhead ribozyme unfolds when exposed to low temperatures (20) , providing conclusive evidence for large DC P s of folding in the RNA.
The ribozyme construct we used, hammerhead-16, is a wellstudied bimolecular hammerhead ( Figure 2 ). Two oligonucleotides anneal to form a three-way helical junction in which two helical stems coaxially stack, and a third stem docks to form the active site where self-cleavage occurs (21) . Our construct featured a 2 0 -deoxy substitution at the cleavage site to prevent strand scission during the folding studies.
As described in our previous work, two-state fits of the circular dichroism (CD) melting data were used to estimate a van't Hoff DC P of folding using the approximation
The cryo-solvent system used to collect these data (500 mM NaCl, 40% methanol, pH 6.6) lacks divalent cations. Under these conditions, the ribozyme has modest activity and the room temperature CD spectrum is similar to that observed in solutions containing 10 mM MgCl 2 (22) (23) (24) . The DC P was thus taken to pertain predominantly to secondary structure, and fell within the reported range for such values as calculated from both calorimetric (13, 14) and optical (10, 18) thermal melting data for nucleic acid duplexes. A growing database of DC P s associated with both secondary and tertiary folding of nucleic acids is emerging in the literature (Table 1) . Understanding the DC P of folding for nucleic acids may not only benefit folding prediction algorithms (17, 18, 28) , but also help us to investigate the possibility that biology has exploited DC fold P to regulate activity through structure.
DC P s of folding are typically measured in one of two ways (29, 30) : (i) from van't Hoff DHs and T M s, obtained from optical melting data or (ii) from direct measurement via calorimetry. The two approaches often yield different results (10, 13) , spurring debate over the applicability of each method (31, 32) . The disparities may arise largely by imposing the twostate assumption implicit in the van't Hoff model onto optical melting data for systems exhibiting non-two-state thermal melting behavior, or from statistical artifacts from correlated errors in the fitting of ITC data. Thus, van't Hoff fits can yield erroneously small DHs of folding, with error propagating to the calculated DC P . The van't Hoff DC P previously calculated for the hammerhead almost certainly reflects such error; incorporating it into Equation 2 yields a calculated T C more than 50 K colder than the observed T C . The results obtained from optical data should be verified by calorimetry, but calorimetric experiments require large amounts of sample and specially modified instrumentation for work at sub-zero temperatures. Therefore, a robust method of calculating DC P s from optical data that avoids some of the pitfalls of van't Hoff analysis would be of great utility.
Previous work by Rouzina and Bloomfield (10) applied perturbation theory to this problem. In this method, thermodynamic parameters are calculated from the change in T M observed as conditions that vary from a reference state. The deviations in DH and DS are defined as the 'perturbation enthalpy', dH and 'perturbation entropy', dS, respectively. Notably, the analysis relies only on the fitted T M s of optical data, which are much less susceptible to fitting error than the corresponding fitted DHs. Here, we use a variation of the perturbation approach to analyze T C and T H data for the hammerhead ribozyme. By using just the transition T M s, we obtain a value for DC fold P more than 4-fold larger than the previously determined van't Hoff DC P . Significantly, when incorporated into Equation 2, this new DC P value accurately predicts the observed T C in the reference state.
Systematic deviations in the T C + T H sum from the behavior predicted by the perturbation model suggest that the methanol co-solvent perturbs DC P across the matrix of solution conditions. Therefore, we directly investigate the effect of methanol on the DC P of hammerhead folding by using isothermal titration calorimetry (ITC). Our results confirm that the DC P is dependent on co-solvent, but also show that the DC P calculated from perturbation data accurately represents the value at the center of the perturbation matrix.
MATERIALS AND METHODS

Preparation of hammerhead ribozyme for spectroscopy
Substrate (17mer) strands were prepared by chemical synthesis (Dharmacon Research, Inc.). The RNAs were deprotected according to the manufacturer's protocol, and resuspended in water. Purity was assessed by PAGE. Enzyme (38mer) strands were prepared by T7 transcription of a synthetic DNA template (33) , gel purified and resuspended in water. RNA concentrations in stock solutions were determined from their absorbance at 260 nm. Spectroscopic samples were prepared by heat annealing the RNA in a buffer containing all components of the final sample except methanol. Annealing was performed at 95 C for 2 min, and the samples were allowed to cool slowly to room temperature. Methanol was added after cooling.
Circular dichroism spectroscopy
CD data were collected on a Jasco J715 spectropolarimeter. T H data were collected in a 1 cm pathlength cell with temperature controlled by a Peltier device. High-temperature ramps were conducted at 1 C/min, and the data were collected for every 1 C. T C data were collected in a 1 mm pathlength cylindrical jacketed cell attached to a 90% methanol-circulating bath for temperature control. The actual temperature within the jacketed cell was monitored by means of a microscale thermocouple inserted into the cell through a sealed hole in a Teflon stopper. Low-temperature ramps were conducted at 8 min/ C, and the data were collected for every 1 C.
Fitting of the CD data
Single-wavelength traces of the CD data at 265 nm (the positive absorption maximum) were fit by least-squares minimization to a double-baseline model (Equation 3), where m and b are individual baseline slopes and intercepts, and a is the fraction of folded RNA. The parameter a relates to K for the two-state folding of a non-self-complementary bimolecular system (Equations 4 and 5), where C T is the total strand concentration (34) . Non-two-state behavior registers significant error in the fitted enthalpy, but has comparatively little effect on the fitted T M , which was the only parameter used for subsequent analyses. Least-squares minimization was performed by using Kaleidagraph (Synergy Software).
Application of perturbation theory approach to measuring DC P of nucleic acid folding
By incrementally altering the concentrations of NaCl and methanol in sample solutions, we caused small perturbations in the enthalpy and entropy of ribozyme folding relative to the reference state (11) , as expressed in Equations 6 and 7:
where dH and dS are the perturbations to enthalpy and entropy, respectively. Furthermore, if DC P is perturbed across the matrix, this parameter can also be expanded to include perturbation terms:
Substituting the modified expressions for DH and DS into the Gibbs equation, we obtain
Note that, in the absence of perturbations, Equation 9 is equivalent to Equation 2. Each perturbation term can be further expanded (Equations 10-12) to reflect separate perturbations by NaCl and methanol as their respective concentrations deviate from those in the reference condition.
This treatment of the data makes the assumption that the DC P is itself independent of temperature. Whereas this assumption may not be rigorously correct, it is reasonable for conveniently estimating the magnitude of the DC P (35).
Global fitting of T H and T C data to the perturbation model
Since DG fold = 0 at T H and T C , one can perform a global analysis of the experimental dataset of measured melting temperatures using Equation 
Isothermal titration calorimetry
ITC sample preparation and experiments were performed essentially as described in (36) . All ITC samples contained 50 mM HEPES, pH 7.5, 500 mM NaCl and 0-35% methanol. Where appropriate, methanol was added to samples after heat annealing and slow cooling. Titrations in the absence of methanol consisted of an initial 2 ml injection followed by $40 injections (at 7 ml per injection) of 75 mM substrate strand into a cell containing 1.4 ml of 5 mM enzyme strand. Titrations in the presence of methanol employed lower concentrations of RNA to prevent aggregation of uninjected substrate strand within the syringe. Each of these titrations consisted of an initial 2 ml injection followed by 20-30 injections (at 10-15 ml per injection) of 15 mM substrate strand into a cell containing 1.4 ml of 1 mM enzyme strand.
Analysis of raw ITC data
ITC data were fit by using ORIGIN software, version 7 (OriginLab Corporation, Northampton, MA). Raw injection data (in mcal s À1 versus time) were integrated to yield individual injection enthalpies. The integrated data for each injection were normalized by the moles of added titrant. Normalized injection DHs were plotted as a function of the molar ratio of titrant sample to cell sample. All experiments included many injections past saturation of the folding event, such that all datasets had a long upper baseline. This baseline reflected the enthalpic contributions of dilution and mixing as they actually occurred in each experiment. Therefore, these upper baselines were extrapolated back to the first injection and subtracted from the full dataset. The resulting plots were directly fit to a one-site binding model (37) to yield the reaction DH, K A and stoichiometry (n) of folding. For single-site binding, one ideally should observe n = 1; across all titrations of this study, n = 0.93 -0.06.
RESULTS
Thermal melting data for both the hot and cold melting transitions of the hammerhead ribozyme were collected by CD spectroscopy. Representative samples of the CD spectra for the cold transition are shown in Figure 3 . At moderate temperatures, we observe an intense spectrum indicative of A-form helical structures with a strong positive maximum at $265 nm and a strong negative minimum at $210 nm.
The 265 nm feature reports primarily on base stacking whereas the 210 nm band derives from backbone conformational transitions (38) . As temperature decreases, both peaks undergo transitions that mirror one another, each peak decreasing in intensity towards the adichroic axis. Globally, spectra of the cold-denatured state resemble those obtained for the heatdenatured ribozyme ( Figure S1 in Supplementary Material), consistent with general structural similarity between unfolded ribozyme at high and low temperatures, though rigorous structural characterization of the cold-denatured state remains to be done. Close inspection of the spectra reveals a slight redshift in the positive maximum as intensity decreases, a detail also observed in high-temperature unfolding experiments and consistent with unstacking of the nucleobases (39) .
The spectra were fit to a van't Hoff model (see Materials and methods), but only the relatively error-insensitive T M (centroid of the transition) was used in subsequent analysis. Data were collected as a function of both the NaCl and methanol concentrations. The changes in solution dielectric and ionic strength provided the perturbations on both T C and T H required for the analysis (Figures 4 and 5 ). Conditions were chosen to C on a 0.7 OD sample of HH16 in 50 mM cacodylate, pH 6.6, 400 mM NaCl and 35% MeOH. Added methanol prevents freezing and shifts cold denaturation to accessible temperatures.
keep the cold denaturation transition within the accessible window for the CD measurements. Near invariance of the T C + T H sum across perturbed solution conditions is expected when DC P >> DS ref , conditions where cold denaturation could be observed. This predicted invariance arises from the highly parabolic relationship of DG fold with temperature in the presence of a large DC P , as observed in Figure 1 . Stabilizing perturbations should shift T H to higher temperatures and T C to lower temperatures, whereas destabilizing perturbations should do the opposite. As long as solution perturbations are minute, the opposing effects on T H and T C should also be small. Across the matrix, one therefore expects opposing perturbations on T H and T C to mostly cancel with respect to the parent values, resulting in near invariance of the T C + T H sum. Failure to observe a relatively constant T C + T H sum would suggest that the observed T H and T C values do not actually report on the same kind of folding transition, and/or that the solution perturbations are sufficiently large that they significantly alter the transition endstates. Experimentally, the T C + T H sum averaged 591 K, with a range of 12 K and a standard deviation of -3 K ( Table 2 ). The 12 K range of T C + T H values across the matrix constitutes 2% of the average sum.
Methanol-dependence of T C and T H
The effect of methanol on the stability of nucleic acid duplexes has been studied previously and shown to have a linear effect on the high-temperature thermal denaturation behavior (40, 41) . Both the hot and cold unfolding transitions of the hammerhead ribozyme displayed a linear dependence on the concentration of methanol in the range studied (0-45%) (Figure 4) . Methanol is therefore destabilizing with respect to both high-and low-temperature thermal denaturation. Over these concentrations, the dielectric constant of the methanol/ water mixtures varies proportionally with the methanol concentration (41) . Therefore, this experiment probably probes the effect of solvent dielectric on the folding equilibrium. Overall, T C displays a 2-3-fold greater methanoldependence than the T H . The magnitude of the co-solvent effects on T H compare favorably with those previously measured for DNA duplex stability (40) . The fact that the slopes are not identical for the high-and low-temperature transitions indicate that there is a minor deviation from the theoretical predictions of Rouzina and Bloomfield in that the sum T C + T H approximates a constant only over a limited range of methanol concentrations. These deviations are more pronounced at higher ionic strength and most probably reflect a systematic variation of DC P as a function of the methanol concentration. Alternatively, added methanol may affect the amount of residual structure in the unfolded state, producing methanoldependent changes in the apparent DC P (42-44).
NaCl-dependence of T C and T H
The same dataset described above can also be used to analyze the denaturation temperature as a function of ionic strength. This analysis reveals that T H and T C for the hammerhead ribozyme both vary linearly with the log of the salt concentration ( Figure 5 ). The usable range of ionic strengths was somewhat more limited than would be desired due to the competing needs of the system. Since these studies were performed in the absence of Mg 2+ , modestly high-ionic strength was required to promote the proper folding of the ribozyme (22, 23, 45) . However, the incubation of RNAs at low temperature in methanol/water mixtures containing very high NaCl concentrations can lead to precipitation that would interfere with the measurements. Thus, our matrix represents a balancing act dictated by the glassing temperature of the solution and the physical properties of the RNA under these conditions.
In contrast to the methanol-dependence above, these trends exhibit slopes of the same sign for both T C and T H ( Figure 5 ). NaCl exerts a stabilizing effect at high temperature but is destabilizing over this concentration range at low temperatures. The cold denaturation transition was slightly more sensitive to ionic strength than was high-temperature unfolding under the conditions tested. As with the methanol concentration dependence, this result reiterates the slight deviation from T C + T H being a constant over all conditions. Table 2 . Observed T C and T H at various concentrations of NaCl and methanol a 300 mM NaCl 400 mM NaCl 500 mM NaCl %MeOH the fact that our hammerhead construct undergoes a bimolecular, non-self-complementary melting transition (46) . The data were fit to a line ( Figure 6 ). The reference enthalpy for folding, DH ref = DH = À133 -15 kcal mol À1 , was extracted from the slope of that line according to Equation 13 .
Determination of initial parameters
The linear fitting model assumes that DH does not vary as a function of temperature, and that changes in T M result from the entropic effects of changing strand concentration. Therefore, the fitted DH ref is most valid within the temperature range covered by the observed T M s. The observed T H at the strand concentration used across the NaCl/methanol matrix was 329 K. Therefore, T ref was set at 329 K, and the hammerhead was calculated to fold with the transition entropy,
Calculation of DC P and a predicted T C for hammerhead unfolding
The DC P for the unfolding transition was determined from global fitting of the matrix of 
Systematic deviation of individual T C + T H sums from the average
Inspection of the data shown in Table 2 revealed an incremental increase in the individual T C + T H sums as one moves from low methanol, low-salt conditions to high methanol, high-salt conditions. The sums for conditions at the center of the matrix were closest to the average value. Changes in methanol concentration seemed to have a larger effect on T C + T H than did changes in the NaCl concentration. Moreover, the effect of changes in NaCl concentration appears magnified by increases in methanol concentration. These observations suggest that methanol might be perturbing the DC P of folding in addition to DH and DS. We therefore directly probed the effect of methanol on the DC P of hammerhead folding by using ITC.
Calorimetric determination of DC P and its methanol-dependence
To support further the efficacy of the perturbation method in measuring DC P , we used ITC. Enthalpies for folding of the bimolecular HH16 ribozyme were obtained from the ITC experiments, an example of which is shown in Figure 7 . The data were fit by a non-linear least-squares method (solid line in Figure 7 , lower panel) to a one-site binding model (37) , yielding experimental values for DH, K A and n, the reaction stoichiometry. The results of the ITC experiments are shown in Figure 8 . The temperature-dependence of DH was linear at all methanol concentrations, and became more pronounced as the percentage of methanol was increased from 0 to 35%. These data demonstrate that the DC P of hammerhead folding is in fact perturbed by methanol. The slopes of linear fits to the data in Figure 8 (solid lines) represent the DC P at each methanol concentration, and were used to quantify the methanoldependence of the DC P , as shown in Figure 9 . In the presence of 500 mM NaCl and in the temperature range considered, the DC P was perturbed by approximately À50 cal mol À1 K À1 per %MeOH. In the absence of methanol, the DC P was À1.0 -0.1 kcal mol À1 K À1 , quite close to the DC P of À0.9 -0.1 kcal mol À1 K À1 we recently reported for folding of the hammerhead ribozyme in either 1 M NaCl or 10 mM MgCl 2 (36) . Notably, at 35% methanol the DC P was observed to be À2.9 -0.3 kcal mol À1 K À1 , in reasonable agreement with the average value calculated from the perturbation approach.
DISCUSSION
Measuring heat capacity changes for biomolecular transitions
The importance of DC P in the overall thermodynamics of protein folding is well accepted and empirical trends for DC P have been identified using a large basis set of proteins (47, 48) . Despite some early reports (8, 9, 49) , the recognition of an important DC P contribution to nucleic acid folding is only now emerging (11, 13, 18, 20, 28) . In theory, differential scanning calorimetry (DSC) is an excellent way to obtain DC P . In practice, DC P values obtained from DSC data depend strongly on the assignment of transition baselines. Proper assignment of these baselines can prove difficult, especially with RNA samples that begin to degrade at the high temperatures required for complete melting. DSC also provides certain challenges when applied to low-temperature transitions. Most importantly, specially modified equipment is required to analyze events at subzero temperatures. The van't Hoff approach also has a drawback-it imposes on the analysis a two-state assumption that may or may not be applicable to thermal melting of complex biological molecules. We have applied a perturbation approach to obtain DC P s for nucleic acid folding transitions. This approach is dependent on the observation of high-and low-temperature folding events, and on thermodynamic parameters from a well-defined reference state.
DC P derived from perturbation approach accurately estimates T C
The theory underlying our approach predicted that the perturbation effects on T C and T H would be opposite and of roughly equal magnitude, leading to the sum T C + T H being constant over the range of conditions that perturb the solution T M s. We thus began a systematic analysis of the high-and lowtemperature folding transition temperatures of the hammerhead ribozyme using CD spectroscopy. We chose to use the concentration of methanol co-solvent used as our cryo-protectant and the concentration of NaCl used to support ribozyme folding as the perturbants in our study. Since the phenomena we are testing derived from condensation theory, both of these parameters have predictable effects on the solution properties. Additional methanol lowers the solution dielectric and hence increases the strength of the electrostatic interactions, but may also have effects on hydrophobic interactions. Salt (50,51) and co-solvent (40, 41, 52) are well known to affect duplex stabilities, so it was evident that Figure 9 . Plot of DC P s for HH16 folding in the presence of 500 mM NaCl, as a function of methanol. The solid line is a linear least-squares fit to the data, with a slope of À52 cal mol À1 K À1 per %MeOH. they would provide corresponding perturbations on stability of the ribozyme. For the hammerhead ribozyme, high NaCl concentration allows proper folding of the RNA core and the formation of an active ribozyme (22, 23, 45) . Thus, above a certain level that would support folding, additional NaCl could be used relatively indiscriminately as a perturbant. The solvent dependence of hammerhead ribozyme activity was previously assessed and the presence of up to 40% MeOH was found to be quite benign (19) . The effect of added methanol (up to $60%) on T H for DNA duplexes has been previously studied by two groups showing a linear dependence of both T M (40) and solution dielectric constant (41) . Thermal denaturation of the hammerhead ribozyme both at high and low temperatures was studied by CD spectroscopy. The concentrations of NaCl and methanol were varied systematically across an array of conditions. As expected, solution composition perturbed T H and T C values. To a first approximation, the sum of the high-and low-temperature T M s was found to be relatively constant (591 -12 K), suggesting that the system is suitable for this data treatment as predicted by the previous work of Rouzina and Bloomfield for DNA duplexes (11) . Reference parameters for folding under conditions at the center of the matrix were refined through global fitting to the matrix of T H and T C data, yielding average values for DH fit , DS fit and DC
fit P is much greater than the À0.8 kcal mol À1 K À1 approximated previously from the T H , T C and corresponding van't Hoff DHs for the hot and cold transitions (20) . However, when this larger DC fit P is incorporated into the modified Gibbs equation for folding (Equation 2)-along with DH fit and DS fit -cold denaturation is predicted to occur at a T C within one degree of the observed T C under the reference conditions. We thus feel that the value reported here better represents the true DC P for hammerhead ribozyme folding in the cryosolvent conditions we have used. The previous van't Hoff estimate likely suffered from the imposition of a two-state folding model onto data that reflect multi-state folding behavior.
Calorimetry confirms calculated DC P and methanol-dependence of DC P Systematic deviations in T C + T H suggested that the methanol co-solvent might perturb the DC P of folding in addition to making the intended perturbations in DH and DS. We used ITC to directly test this hypothesis, and to check the validity of the DC P generated by the perturbation approach.
The ITC data showed a significant, linear change in DC P with added methanol (Figure 8) . Therefore, DC fit P represents an average value that was most accurate for the conditions at the center of the matrix, the same conditions in which the reference parameters were collected. In fact, the ITC-measured DC P in the presence of 35% methanol was À2.9 -0.3 kcal mol À1 K À1 , in reasonable agreement with DC fit P for the perturbation matrix, centered at 35% methanol. Thus, the perturbation approach has successfully measured the DC P for folding for the conditions at the center of the matrix.
Methanol and salt effects on T H
Methanol-water mixtures are common solvents for working with biological molecules at subzero temperatures (1, 53, 54) . Over the concentrations of methanol used in these studies, added methanol decreases the bulk dielectric of the solution in a roughly linear fashion (41) . As a result, it magnifies the role of electrostatic interactions and reduces the energetic contribution of base stacking. For the hammerhead ribozyme, the T H decreased linearly as a function of the methanol concentration between 25 and 45%. This result agrees quantitatively with studies that probed co-solvent effects on the stability of DNA duplexes (55, 56) . Lowered dielectric may also alter RNA backbone dynamics such that unstacking is less energetically costly (57). Although we have not explored them in any systematic manner, specific methanol-water and methanol-RNA interactions could also contribute to the observed destabilizing effects.
The salt dependence of the T H also agrees with that generally seen in nucleic acid structure-function analyses. Across all methanol concentrations, the T H rises as NaCl concentration increases from 250 to 500 mM. This effect arises in part from a favorable entropic contribution to duplex stability deriving from diffuse Na + binding (58) , and possibly from similar entropic forces that promote packing of helical elements (59) .
Methanol and salt effects on T C
The cold denaturation of nucleic acids had not been studied prior to our initial observation (20) , so this work constitutes the first glimpse of the relationship of T C to the solution conditions. We can compare the low-temperature behavior to that observed at high temperature, however. Addition of methanol destabilizes the ribozyme with respect to cold unfolding as it does with high-temperature unfolding. Previous studies have attributed alcohol-promoted unstacking at high temperatures to a reduction in the hydrophobic effect (40) , and this phenomenon likely operates at low temperatures as well. This notion is consonant with evidence that the organic denaturants (like methanol), while altering RNA stability, do not significantly change the mechanism of duplex formation (60) .
The salt dependence of T C may reveal part of the mechanism of cold denaturation. Increasing concentrations of NaCl clearly promote cold denaturation, the opposite of the salt effect on T H . The inversion of the salt effect suggests that the energetic consequences of salt on the system are different at high and low temperature. This phenomenon may result from the entropic origin of electrostatic stabilization. At the low-temperature limits, the TDS contribution of diffuse ion mobility becomes less effective at counterbalancing the unfavorable enthalpic impact of electrostatic repulsion between backbone phosphates. Conversely, the reduced thermal motion of the backbone might lead to foci of electrostatic potential prone to site-specific outer-sphere interaction with condensed ions. This alteration in the mode of binding might shift the balance of forces to favor unfolding. Although we do not yet have enough data to definitively identify and deconvolute the energetic components of the cold denaturation process, the observed ion dependence of T C indicates that diffuse ionbinding interactions might be central players in the process.
We have learned that the perturbation approach can effectively measure the DC P of macromolecular folding. At the same time, the methanol co-solvent that we used as a perturbant strongly affects DC P , the value we wish to measure. The molecular origin of this methanol-dependence in the observed DC P remains to be determined, particularly regarding the possible impact of methanol on the distribution of unfolded states. As in studies employing urea to measure the DG of folding, special care must be taken to extrapolate observed effects back to more physiological conditions in the absence of co-solvent. Thus, future applications of the perturbation approach must either account for such behavior or, preferably, employ perturbants that minimize the changes of DC P .
Cold denaturation and DC P s in biological function
What do the thermodynamics of cold denaturation tell us about the behavior of RNAs in vivo? Various RNAs clearly differ in their response to the kinds of solution conditions used in this study. For example, neither tRNA Ala nor self-complementary 6mer RNAs show signs of cold denaturing in the presence of methanol and various combinations of NaCl, MgCl 2 and urea. On the other hand, C-domain from Bacillus stearothermophilus RNase P and Escherichia coli DsrA RNA undergo low-temperature structural changes (J. C. Takach, G. Chen, P. J. Mikulecky and A. L. Feig, unpublished data).
The principal factor dictating whether one can observe the cold denaturation transition is the magnitude of the heat capacity change for a folding transition. Much remains to be done in understanding the physical basis of DC P for RNAs, but clearly, the presence of the traditionally neglected DC P can have large-scale consequences on RNA structure. Although the DC P affects stability at low temperatures more so than high ones, it has quantifiable effects at all temperatures other than the reference state. Even a small effect on stability, far short of full-fledged denaturation, could have significant biological consequences. For example, a pool of complementary sequences or high-affinity protein ligands may sequester a small, Boltzmann-weighted population of unfolded RNAs, thereby pulling the remaining RNAs toward the denatured state. Such a mechanism could conceivably be exploited in transcriptional or post-transcriptional regulation of gene expression, perhaps differentially responding to temperature. As we grapple with the interplay of RNA structures and their myriad of cellular functions, we must expand our understanding of the thermodynamic intricacies of these species and the way they respond to solution conditions.
